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1.0 INTRODUCTION

The goal of this research is to develop a basic scientific understanding of the

relation between the macroscopic mechanical properties of ceramic composites and the

properties of the microstructure, especially the fiber-matrix interface. The work is

directed to two main topics. One is to devise experiments that are capable of measuring

the properties of the fiber-matrix interface directly, and the other is to develop micro-

mechanics models that relate the interface properties quantitatively to the strength,

toughness and failure mechanisms of the composite.

Detailed results of research done during the past year are contained in four

papers which are included as Sections 2.0 to 5.0 of this report, and which have been sub-

mitted to, or published, in the journals and books noted on the title pages. The results

from these sections and from other work that is under way are briefly summarized below.

The fracture mechanics modeling addressed the problem of evaluating the

influence of residual microstructural stresses on the fracture toughness of ceramics and

ceramic composites that are reinforced by crack bridging mechanisms (Sections 2.0 and

3.0). The residual stresses were shown to influence the toughness by modifying the

stress-displacement relation for stretching of the crack bridging ligaments. This simple
result is rigorously correct, but not at all obvious. Modified toughnesses were calculated

using a 3-integral analysis for several typical stress-displacement laws. The magnitude

and sign of the toughening were found to be strongly dependent upon the details of the

bridging mechanism and the criterion for ligament rupture. These results highlight the

need for a thorough understanding of the mechanics of the ligament separation process,

as well as the need for techniques to measure microscopic mechanical properties, such as

interfacial debonding and sliding resistance, deformation of small constrained volumes,

and fracture properties of small reinforcements. The analysis was also used to derive the

condition for spontaneous matrix cracking due to residual tensile stress in the matrix.

In the previous year of this contract, a fracture mechanics model was

developed to predict failure mechanisms, failure stresses and fracture toughnesses of
composites with aligned, frictionally bonded reinforcements. Two analyses are under

way to extend this model. One involves derivation of a stress-displacement relation for

reinforcements that undergo limited slip (previously the extremes of no slip and large slip

I
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had been analyzed) and obtaining numerical solutions from the fracture mechanics model

for the matrix cracking stress. The other analysis involves the effect of statistical

variations in the strengths of the reinforcing fibers (previously a deterministic fiber

strength was taken). Results of these analysis which have been partly completed will be

submitted for publication within the next two months.

In the studies of fiber-matrix interface properties, novel methods were devel-

oped during the previous year of this contract for investigating bonding at the interface

and to measure sliding resistance. These are based on an indentation technique in which

the ends of individual fibers are pushed with a diamond indenter, and the forces and dis-

placements are measured continuously during loading, unloading and load cycling. During

the current year, analysis of the fiber sliding process has been extended to evaluate the

influence of microstructural residual stress, and thereby allow measurement of the

residual stresses from the modified force-displacement relations (Section 3.0). Prelimi-

nary experiments using SiC/glass ceramic composites have shown that residual stresses

, are generated by thermal cycling in an inert environment. The influence of these

residual stresses on mechanical reliability of the composite will be assessed.

The range of composites to which the indentation method can be applied has

been extended by recognizing that load-displacement measurements during load cycling

can be used directly, without calibration of the indenter penetration into the fiber, to

evaluate frictional stresses. Previously, calibration of the indenter penetration was

needed to calculate the relative sliding of the fiber and matrix. This was obtained in the

SiC/glass-ceramic system either from measurements of residual hardness impressions in

the fibers or by calibration tests on composites that were heat treated to create a

strongly bonded interface that did not undergo sliding. However, neither of these cali-

bration methods could be applied to carbon fiber-reinforced glass and glass-ceramic com-

posites, because the interfaces in these systems could not be easily bonded and the com-

bination of small fiber radius and low frictional resistance was such that the indenter

contact with the fiber was purely elastic. Moreover, the accuracy of calculation of the

elastic penetration was limited by uncertainties in the indenter profile and anisotropic

elastic properties of the fiber. These problems were circumvented by using the displace-

ment measurements during unloading and reloading, along with appropriate analysis of

fiber sliding, to evaluate the frictional stress.

2
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Finally, calculations are in progress to evaluate the role of Poisson's expansion

and contraction of the fibers during fracture and fiber pushing experiments. In our pre-

vious indentation analyses, this effect was neglected and independent experimental

measurements confirmed the validity of this approximation in the SiC/glass-ceramic

-_ Yrosites. However, because of the widespread interest that the technique has gener-

ated in the composites community, it is important to define the range of material and

interfacial properties for which the approximation is valid and to provide analysis that

can be used for those composites in which it is not valid.

3
C8787D/sn

.. . . . . . . . . , . . . . . . .. . ._ .. . . : ... . . : : .. ..... . .. .. :.:...:... :;:: .. : .. :.:.:



Oi% Rockwell International
Science Center

SC 5432 .A R

2.0 THE INFLUENCE OF RESIDUAL STRESS ON THE TOUGHNESS
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THE INFLUENCE OF RESIDUAL STRESS ON THE TOUGHNESS
OF REINFORCED BRITTLE MATERIALS

D.B. Marshall

Rockwell International Science Center
1049 Camino Dos Rios

Thousand Oaks, CA 91360

and

A.G. Evans

Department of Materials
University of California
Santa Barbara, CA 93106

ABSTRACT

Residual microstructural stresses in ceramics and ceramic composites

are shown to influence the fracture toughness by modifying the stress-

displacement relation for stretching of crack-bridging ligaments. Modified

toughnesses are calculated using a J-integral analysis for several typical

stress-displacement laws. The magnitude and sign of the toughening are found

to be strongly dependent upon the details of the bridging mechanism and the

criterion for ligament rupture. The analysis is also used to derive the

condition for spontaneous matrix cracking due to residual tensile stress in

the matrix.
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1.0 INTRODUCTION

Many brittle matrix composites 1 -1 1 and single-phase polycrystalline

ceramics 12-15 have toughnesses strongly influenced by the presence of intact

ligaments between the crack surfaces. The degree of toughening is dictated by

the stress-displacement law governing the extension of the bridging ligaments

and their eventual rupture. 16 For materials reinforced with ductile disper-

sions, reinforcement rupture is essentially displacement controlled. Con-

versely, for materials reinforced by brittle ligaments (fibers, whiskers,

particles or interlocking grains), the reinforcement rupture may be either

stress controlled or displacement controlled, depending on whether ligament

fracture or pullout is dominant. It will be demonstrated in this paper that

the existence of microstructural residual stresses in such materials can

strongly influence the fracture toughness, and that this influence can be pro-

foundly dependent upon both the functional form of the stress-displacement law

and whether the reinforcement rupture is stress or displacement controlled.

Residual microstructural stresses arise generally from thermal con-

traction during cooling from an elevated processing temperature. The residual

stresses before cracking are of opposite sign in the reinforcing ligaments and

matrix, and the average residual stress normal to a potential crack plane that

spans many microstructural units is zero. Therefore, in the absence of a

bridging zone, the microstructural residual stresses have no effect on the

steady-state fracture toughness. However, when a bridging zone exists,

residual stresses influence the fracture toughness, through their effect on

the stress-displacement law for ligament stretching.

6
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2.0 ANALYSIS OF TOUGHENING

2.1 Toughening from Bridging Ligaments

The influence of crack bridging ligaments on the steady-state frac-

ture toughness may be analyzed conveniently by making use of the J-integral,
19

R 20 an uink.16as previously applied to bridging problems by Rose and Budiansky. For the

closed path shown in Fig. 1, there are three contributions to the J-integral:

J_ - JB - Jtip =0. (1)

The term JB from the path over the bridged crack surface represents the

increase in fracture energy due to the ligaments, and is given by

u*
Ja = 2 f a (u)du (2)

0

where o(u)/f is the stress exerted by a ligament at an average matrix crack

opening u, with u* being the crack opening above which the ligaments cease to

restrain the crack surfaces, and f is the fraction of the crack area covered

by ligaments. The contribution from the outer path is

j K2(1 - 2 )/E , (3)

7
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where K. is the remotely applied stress intensity factor and E is the Young's

modulus. Then, if we set Jtip - J (i.e., the critical value of J for crack

extension in the absence of bridging forces) Eq. (1), defines a condition for

crack growth:

K(1 -2)/E = 2. c(u)du + Jo (4)
0

Equation (4 ca- be expresse: in terms of the critical stress intensity factor

"' de(ine '

(5)

an( tee f r- . ' *.C -'

to give

2E r ou) du1 I 2

K /K°  11 + -(u) du1 (7)
(1 - )K2 ;0

The toughness increase can be derived alternatively by calculating

the reduction in stress intensity factor due to the stresses exerted on the

crack surfaces by the bridging ligaments;
2 1

8
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KB=2s C o(x)dx()

c-L C
2  _ x

where c is the crack length, L is the length of the bridging zone, and x is

the distance from the crack mouth. Equations (7) and (8) must provide equiva-

lent solutions for the toughness increase. This has been demonstrated for a

bridging zone with uniform tractions 22 (i.e., a Dugdale zone). Equivalence is

also readily demonstrated for nonuniform stresses in the limit K0/Ko . 0,

whereupon the crack opening is defined by the near tip profile (i.e.,

u = v8/ K ic - x/E ) and both Eqs. (7) and (8) reduce to

- E
KB = j- o(u) du (9)

0 0

However, in general, calculations of c(x) in Eq. (8) and the upper limit of

integration, u*, in Eq. (7) require solution of an integral equation for the

crack opening, u(x). For the special case of the steady-state toughening,

where u* is a fixed value defined by the ligament rupture condition, solution

for u(x) is not necessary and KB is more readily evaluated from the J-integral

approach (Eq. (7)).

9
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3.0 ROLE OF RESIDUAL STRESSES

3.1 Stress-Displacement Law

The above results are unaltered in form by the presence of micro-

*Z structural residual stresses. However, the residual stresses influence the

fracture toughness through their influence on the bridging stresses o(u) in

Eq. (7) and o(x) in Eq. (8) (as well as the limit of integration, defined by

the bridging zone length, L).

The bridging stresses o(u) are defined by the stress-displacement

relation for an element between x and x + dx within the bridged zone, as shown

in Fig. 2(a). Representative functions in the absence of residual stresses

are illustrated in Fig. 2(b) for elastic, frictionally bonded, and ductile

reinforcements. Brittle ligaments that fail between the crack surfaces are

- characterized by monotonically increasing o(u) functions, whereas, failure of

the reinforcement within the matrix can lead to extensive pullout with

decreasing a(u). The response of ductile reinforcements is sensitive to

whether or not they are fully bonded to the matrix; deformation of bonded

reinforcements is constrained by the matrix, resulting in a peak stress that

is much higher than the uniaxial yield stress. 22

To illustrate the influence of residual stresses on the bridging

forces, consider a composite with unidirectionally aligned reinforcing

fibers. If the average residual stress parallel to the fibers in the

10
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Runcracked matrix is a , then equilibrium requires that the residual stress in

the fibers be (Fig. 3(a))

R R (10)
f m(1 - f)/f

This residual stress causes an offset in the origin of the c(u) function,

which may be evaluated by imagining applying stress oo to the composite to

cancel the stress in the matrix, and then cutting the matrix (across the plane

AA' in Fig. 3(b)) to form a crack without causing displacement of the crack

surfaces (i.e., u = 0). The requisite applied stress is

R
0O = -m E/Em (11)

where Em and Ef are the Young's moduli of the matrix and fibers. The

resultant stress in the fibers is co/f.

Upon subsequent application of stress, the initial crack opening

displacements can be estimated by simply translating the o(u) curve along the

stress axis (Fig. 4), i.e.

o(u) - 0o = 0(u) (12)

where o(u) is the net applied stress and o°(u) is the stress-displacement

relation in the absence of residual stress. For linear elastic ligaments,

this result follows directly from stress superposition. For constrained

II
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(bonded) ductile reinforcements, finite element analysis 23 has established

that the initial deformation is not significantly influenced by hydrostatic

residual stress in the particles. Equation (13) also holds for frictionally

bonded reinforcements (Appendix A) if the frictional forces arise solely from

surface roughness. However, for frictional forces following a Coulomb law,

the function o°(u) in Eq. (13) contains a proportionality constant that is

dependent on the magnitude of OR. The ultimate stress and the decreasing

portions of the a(u) curves are of course sensitive to the details of the

individual bridging mechanisms. Generally, however, for brittle

reinforcements, either stress or displacement controlled failure criteria can

be envisioned, 17' 18'24 whereas, for ductile reinforcements displacement

controlled failure is expected.

3.2 Influence of Residual Stresses on Toughening

The role of residual stresses can be conveniently illustrated by

considering a linear spring model with a stress-displacement function

0 (u) uc (13)
0 U > uc

The modified o(u) functions in the presence of compressive and tensile

residual stresses are shown in Fig. 5, along with the corresponding distribu-

tions of tractions on the crack surfaces within the bridging zone. For com-

12
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pressive residual stress in the matrix (00 > 0, Eq. (11)), the stresses in the

ligaments are always tensile and the ligaments exert closure forces on the

crack. However, if the residual stress in the matrix is tensile (0 < 0), the

ligaments experience compressive stresses for crack openings smaller than

u0 . Therefore, the ligaments exert opening forces on the crack surfaces in

the near-tip region where u < uo, and closure forces further from the tip

where u > u.. The opening stresses contribute negtively to the toughening, as

represented by the shaded (negative) area in Fig. 5(b).

The toughening increment in the absence of residual stress is (Eqs.

(2) and (13)

JB = cu2 . (14)

In a residually stressed composite, the stress displacement function is

G(u) = Ou + 00 u < u* (15)
0 u > U*

and the toughening increment is

= 2u*a + cu*2 . (16)

13
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The relative values of JB and Jo are dependent upon the ligament failure

criterion. If ligament rupture occurs at a critical stress, S, then

o°(Uc) _ o(u*) = Sf and

/ = (1 + Z) (1 - 1)1/2 (17)
.1*B

where E m/Sf = R E/EmSf. On the other hand, if ligament failure is

governed by a critical crack opening (i.e., u* = uc = Sf/a), then

1 + (18)

The variations of relative toughening with the residual stress parameter z are

plotted in Fig. 6. Residual stresses always reduce the tcughening when the

matrix is in residual tension, but can either increase or decrease the tough-

ening when the matrix is in compression, depending on the ligament failure

condition; enhanced toughening results from displacement-controlled ligament

rupture.

Analysis of more complex, nonlinear ligament response caused by

interfacial sliding, debonding or plastic stretching (Appendix B) reveals that

the influence of residual stress is very sensitive (in sign and magnitude) to

the stress-displacement law as well as the ligament rupture criterion. The

results of these analyses are summarized in Table 1.

14
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4.0 SPONTANEOUS MATRIX CRACKING

Spontaneous Cracking can occur in the matrix of a reinforced material

if tensile residual stress in the matrix exceeds a critical value. The criti-

cal residual stress can be conveniently calculated using the analysis of Sect.

3. A compressive stress is first applied remotely to the composite in order

to cancel the residual stress in the matrix, a slit is made in the matrix over

the prospective crack plane, leaving the reinforcements intact, and the

applied stress is then relaxed. Provided that the crack is sufficiently

large, complete relaxation occurs in the ligaments remote from the crack tip

and the crack opening approaches a limiting value uo (Fig. 7). Closer to the

crack tip the relaxation is constrained and compressive stresses remain in the

bridging ligaments, which therefore exert opening forces on the crack surfaces

(Fig. 7(b) and (c)). Since the bridging ligaments are stress-free beyond a

certain distance, Lo, from the crack tip, the analysis of Sect. 3 can be

applied directly. Thus, with J. = K 2 (1 - v2 )/E 0 0, Eq. (4) provides a

condition for spontaneous crack extension:

J0 
+ 2 fo(u) du = 0. (19)

0

The integral in Eq. (19) is the shaded area (negative) beneath the stress-

displacement curve, as shown in Fig. 7(c).

15
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For reinforcements with a linear stress-displacement relation (Eq.

(15)), evaluation of the integral in Eq. (19) (and substitution from Eq. (11))

gives a relation for the critical residual stress

R = (0Jo)11 2 Em/E. (20)

Similarly, for frictionally bonded reinforcements with the 0(u) relation

o(U) = Bu112 + o  (21)

the critical residual stress is

R = 13J O2/21113 Em/E. (22)

These results for linear and frictionally bonded ligaments may be

compared with previous, independent calculations by Budiansky et al, 25 who

used a modified shear-lag analysis to calculate the strains in the fibers and

matrix and, hence, the change in potential energy (strain energy, work done by

loading system, and frictional work) associated with crack extension. From

their analysis of strains in the fibers and matrix, the parameter a in the

stress-displacement relation for linear ligaments has been evaluated26 as

:C = PfEf/R, (23)

16
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where p is a dimensionless constant involving ratios of elastic moduli of the

fibers and matrix and the volume fraction of fibers. For frictionally bonded

fibers, the corresponding result is given in Appendix A. Then, in terms of

the fracture energy defined by Budiansky et al, Gm = Jo/(- f), the condition

for spontaneous cracking becomes

Em [f(1 - f)oEfGm 1/2
P R(l ; (

for linear ligaments, and

Em 6f2  EfE 1-G m 
(25)

0R = E L ( - V 2)ERm ]

for frictionally bonded ligaments. These results are identical to those

derived by Budiansky et al.
25

5.0 DISCUSSION

The J-integral method for assessing the influence of microstructural

residual stress on the steady-state toughness reduces to the problem of deter-

mining the modified stress-displacement relation for the bridging ligaments.

The steady-state solution, which involves an integral (Eq. (4)) over the

17
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entire stress-displacement curve, does not require explicit evaluation of

crack opening displacements or bridging zone length. However, for a crack

with a bridging zone smaller than the steady-state length, L, the upper limit

of integration is u < u*, and its evaluation requires solution of an integral

equation for the crack opening displacements. Toughening is then charac-

terized by a resistance curve and both the stress intensity and the J-integral

approaches (Eqs. ( 7) and ( 8)) involve similar degrees of complexity.

The result illustrated in Fig. 5 has an interesting implication for

the shape of the resistance curve in a composite with residual tension in the

matrix. Since the bridging ligaments closest to the crack tip exert opening

pressure on the crack surfaces, a crack that initially has no bridging zone

(e.g., a crack emanating from a saw cut) experiences net opening forces from

the developing bridging zone during the first stages of growth. Accordingly,
-,

the resistance curve must decrease initially, as illustrated in Fig. 8, and

then increase under the influence of closure pressure that develops after

further crack extension. The magnitude of the decrease in fracture energy at

the minimum, AJo, increases with increasing residual stress. Furthermore, it

may be noted that the condition for spontaneous cracking (Sect. 4) corresponds

to the minimum occuring at J = 0.

Whether a residual stress causes an increase or decrease of the

fracture energy is dependent on the details of the separation function and the

ligament failure criterion. Results have been derived for several types of

reinforcing ligaments (Table 1); brittle reinforcements characterized by

linear springs (Sect. 3.2) or frictional restraint (Appendix B) and ductile

18
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reinforcements strongly bonded to the matrix (Appendix B). Compressive

residual stress in the matrix is found to enhance the toughening caused by

bonded ductile reinforcements and by brittle reinforcements that are subject

to displacement-controlled rupture and are either bonded (linear) or held in

place by surface roughness. On the other hand, tensile residual stresses in

the matrix are beneficial for the unbonded brittle reinforcement if the

ligament rupture is dictated by a critical stress at the crack plane. Tensile

residual stresses also enhance toughening if frictional restraining forces

follow a Coulom la and the extent of pullout is dictated by the length of a

discontinuous reinforcement. However, in this case, the steady-state tough-

ness may never be realized in practice, for the requisite crack opening

displacement u* is necessarily large (u* is the length of the reinforcement

rather than a plastic or elastic strain).

CONCLUSIONS AND IMPLICATIOS

Brittle matrix composites that have intact bridging reinforcements

exhibit a toughness that can be strongly influenced by the residual stress.

For ductile phase reinforced materials, the composite toughness is enhanced by

having large residual tensile stresses in the reinforcement. Indeed, such

large tensile stresses exist in many metal reinforced ceramic composites and

may contribute importantly to the composite toughness. Microstructural modi-

fications that enhance the residual stress are thus desirable and provide a

rationale for toughness optimization. Composites reinforced with brittle

19
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fibers/whiskers are subject to very different trends which are dependent upon

specific details of the ligament separation process. For certain materials,

residual tension in the matrix enhances the toughness because the seemingly

negative role of residual tension can be offset by several mechanisms.

Notably, the residual compression in the reinforcement can lead to an

increased crack opening when the reinforcement fails, and thus a longer bridg-

ing zone. Also, the increased normal compression at the interface of the

reinforcement and matrix can lead to larger frictional forces which are bene-

ficial if pullout is limited by the length of a discontinuous reinforcement.

The foregoing examples and those sunmmarized in Table 1 provide some

guidance for the design of high toughness composites. However, these repre-

sent only a fevw relatively straightforward ligament extension mechanisms.

Other important mechanisms include interface debonding combined with sliding

and/or deformation. The sensitivity of the results in Table 1 to both the

ligament separation process and the rupture condition highlights the need for

a thorough understanding of the mechanics of the separation process, as well

as the need for techniques to measure microscopic mechanical properties, such

as interface debonding and sliding resistance, deformation of small

constrained volumes, and fracture properties of small reinforcements.
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APPENDIX A

INLFUENCE OF RESIDUAL STRESS ON STRESS-DISPLACEMENT
RELATION FOR FRICTIONAL BONDING

If sliding occurs between a matrix and fiber wherever the shear

stress parallel to the interface exceeds a constant value T, then application

of a stress o° to a section of composite containing a crack in the matrix

causes sliding at the interface, beginning at the crack surface and extending

a distance i along the fiber (Fig. Al(a)). With a shear-lag approximation in

which only axial stresses of exist in the fiber (shear stress concentrated at

the interface), equilibrium of the fiber at z < i requires

dof/dz = 2[/R, (Al)

where R is the fiber radius. If . >> R, then elastic stresses at z > i may be

neglected, and integration of Eq. (Al) with the boundary conditions indicated

in Fig. Al(b) defines the sliding distance:

oOR Em (1 -f)

: 2 fE (A2)

The sliding displacement us (difference in displacements of fiber and matrix

at the crack surface) is represented by the hatched area beneath the strain

plots in Fig. A1(b):
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.,

us = i°/2fEf. (A3)

The displacement to be used for the crack opening in the analysis of Sect. 2.1

has been suggested as the difference between the length, i, of the fiber from

the end of the sliding region to the center of the crack, and the length, i',

which the same section of composite would assume if sliding was prevented

(Fig. Al(d)). 16 ,26 ,27 It is straightforward to show that this displacement is

given by

u = U s Em(l - f)/E (A4)

Equations (A2) to (A4) combine to give

B u ,(A5)

where

[4Tf 2E2 Ef/R Em2 (1 f) 211/2 (A6)

.4o
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If the residual stress o exists intially in the matrix then them

strains in the matrix and fiber are as shown in Fig. A1(c). The difference in

displacement between the fibers and matrix for an applied stress o is then

given by the shaded area in Fig. AI(c), which can be expressed

u s = ce'/2f Ef, (A7)

'4 R
where c' = c + RE/Em . Evaluation of £ with the boundary conditions

indicated in Fig. A(c) gives

o'R E (I - f)

-2, fE

The displacement and slip length of Eqs. (A7) and (AS) can be obtained fron

the corresponding values in the absence of residual stress (Eqs. (A3) and

(A2)) by replacing the stress co by c', i.e.

R 0
S+ a E/Em  (A9)

which corresponds to a simple translation of the a(u) curve along the stress

axis by 00= -0R E/Em
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APPENDIX B

INFLUENCE OF RESIDUAL STRESS ON TOUGHENING

The influence of residual stress on the increase in fracture energy

JB can be readily evaluated for bridging ligaments that exhibit the stress

displacement law

a0(u) = nu u < uc (BI)

0 u > U
c

In the absence of residual stress, the toughening increment is (Eqs. (2) and

(B1))

= 2au c  /(n + i) ,

In a residually stressed composite, the stress in the ligaments is (Eqs. (12)

and (BI)):

Cu Qu n + 00 u < u* (3

S0 U > U*

24
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and the toughening increment becomes (Eqs. (2) and (B3))

JB = 2u o0 + 2 ou /(n + 1) (B4)

If ligament failure ocurs at a critical displacement, u* = uc the relative

toughening becores

1 + (n + 1)y (B5)

where i = oo/Sf -omE/E . On the other hand, if ligament rupture occurs

at a critical stress (o(u*) = Sf), then the relative toughening is

JB/JB°  (I + nz) (I - z)1/2. (B6)

.JThe variation of over the range jIz s 1 is plotted for several values

of n in Fig. Bl(a) for the critical stress condition, and in Fig. Bl(b) for

the critical displacement condition. Clearly, the change in toughening varies

dramatically with both n and the rupture criterion.
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Frictionally Bonded Reinforcing Fibers

Elastic reinforcing fibers that are held in place solely by mechan-

ical forces exhibit a stress-displacement relation given by Eq. (A5), ie, Eq.

(B3) with n = 1/2. If the sliding resistance arises purely from surface

roughness so that , is not influenced by residual stresses, and if fiber

failure occurs within the section of fiber between the crack surfaces, then

the results of Eqs. (65) and (B6) apply, as plotted in Fig. B1 In this case,

increasing tensile residual stress in the matrix enhances the toughening for a

critical stress condition (the most reasonable criterion for elastic fibers),

but reduces the toughening for a critical displacement criterion. The

opposite trends are evident in residual compression.

The sliding resistance could alternatively arise from Coulomb

friction:

S= pon (B7)

where is the coefficient of sliding friction, and an is the normal

compressive stress at the interface between the fibers and matrix. Normal

compression at the interface requires tensile residual stress in the matrix

parallel to fibers:25

om on(Ef/E + 1) f/(lf) (B8)
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With the frictional stress defined in Eq. (7), the coefficient s in the

stress-displacement relation is dependent on the residual stress (Eqs. (A6),

(B7) and (B8):

= B' ioo1/2 (B9)

where

2 1/2

6' = [4pfE2Ef/R(I - f)Em(E f + E)] (BIO)

Therefore, the toughness increase (Eq. (84)) becomes

S(3z/2 + 1)/Izl (B11)

for displacement-controlled rupture, and

JB ( ) f 2 ( 1 ) 2( .3 . - (1 + (B/2)/Il (812)
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for stress-controlled rupture. Equations (BIl) and (B12) are plotted in Fig.

B2. In this case, the toughness is reduced by increasing tensile residual

stress in the matrix for both ligament rupture criteria.

Fiber Pullout

The preceding solutions require that the fiber rupture occurs between

the crack surfaces. This would occur if the fiber strength was single

valued. 18 More generally, a statistical distribution of fiber strengths would

permit fiber fracture at locations remote from the crack surfaces, and the

broken fibers would continue to exert closure forces on the crack until they

pull completely out of the matrix (Fig. 2(b)). A similar argument holds for

pullout of discontinuous unbonded reinforcing fibers or interlocking grains in

a polycrystalline single-phase ceramic. Specifically, for the configuration

illustrated in Fig. B3, Eq. (83) with n = 1/2 applies during initial loading,

until (at stress Sf) sliding extends to the end of the fiber. Then, provided

the end of the fiber is not bonded, further loading causes the fiber to pull

out of the matrix (Fig. B3(b)), with a linear decrease in stress with

increasing crack opening displacement, as depicted in Fig. 2(b). In a

composite with frictional stresses that derive purely from surface roughness,

the unloading curve is not altered by preexisting residual stresses.1

The slope of the unloading curve (-2MRi) is independent of omR, and at
a - 0, the fiber is stress free, so that the intercept, D, is the relaxed
length of the fiber which is also independent of preexisting residual
stresses).
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However, the contribution to JB from the loading portion of the O(u) curve is

negligible,* so that the influence of the residual stress on the fracture

energy is also negligible.

In a composite with T governed by a Coulomb friction law, the

residual stress affects the slope of the unloading portion of the O(u) curve

in Fig. 3(e) through the influence on T of the residual stress normal to the

interface. The o(u) relation for the unloading curve is

o(u) = 2nRiD(I - u/D) (B13)

and the toughening due to bridging is (with Eqs. (2), (B7) and (B8))

J = 21RD 2oR E(I - f)/f(E + E) . (B14)

B 0m E( )f

V. In this case, the increase in fracture energy is proportional to the magnitude

of the tensile residual stress in the matrix.

Ductile Ligaments

Deformation of ductile reinforcements that remain bonded to the elas-

tic matrix is highly constrained, so that the stress needed to extend the

ligaments exceeds the uniaxial flow stress. 23'28 The stress-displacement

* The ratio of the areas beneath the loading and unloading portions of the

a(u) curve is u /D The displacement ud results from elastic strains
of the fiber, so hat ud/D - S/E - 10
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curve is not known in detail. However, the initial portion is expected to be

strongly influenced by the crack tip response at the interface, and premature

ligament rupture is expected to be encouraged by the growth of voids induced

by the hyarostatic stresses that develop in the constrained reinforcement.

Under these conditions, the deformation should not be significantly influenced

by residual stresses, and the rupture is expected to be displacement con-

trolled. The toughening due to bridging can be written

JE = jc +CoUc" (815)

The tougheninc is thus enhanced by residual compressive stress in the matrix

and reduced by residoal tensile stress.
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FIGURE CAPTIONS

Fig. 1 Schematic diagram, of a bridged crack showing the path used for the

J-integral analysis of toughening.

Fig. 2 (a) Schematic diagram showing bridging stresses at location x within

the bridging zone. (b) Stress-displacement functions for various

types of bridging ligaments.

Fig. 3 Schematic diagrams showing procedure used to form a crack in a

composite with residual stress.

Fig. 4 Offsets in stress-displacement law caused by residual stress.

Fig. 5 Crack surface tractions exerted by bridging zone in a material with

(a) residual compression in matrix and (b) residual tension in

matrix.

Fig. 6 Plots of the relative change in fracture energy due to bridging by

linear springs as a function of the normalized residual stress, L.

Positive z represents compressive stress in the matrix and tension in

the reinforcement; negative z represents tension in the matrix.
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Fig. 7 (a) Crack in a material with residual tensile stress in the matrix,

at zero applied load, (b) pressure exerted by the bridges on the

crack surfaces, and (c) stress-displacement curve for the reinforcing

ligaments.

Fig. 8 Crack resistance curve for a material with residual tensile stress in

the matrix, showing initial decrease due to the opening pressure

exerted by bridges closest to the crack tip.

Fig. Al Fiber pullout in frictionally-bonded composite.

Fig. BI Variation of relative fracture energy due to bridging as a function

of normalized residual stress, z. (a) Critical stress for ligament

failure criterion and (b) critical displacement criterion.

Fig. B2 Variation of fracture energy due to bridging with normalized residual

stress for reinforcements held in place by Coulomb friction.

Fig. B3 Schematic diagram showing two stages in the loading of a reinforce-

ment that pulls entirely out of the matrix: (a) increasing o(u) as

region over which sliding occurs extends from the crack surface

towards the end of the reinforcement, and (b) decreasing c(u) as

entire reinforcements slides out of the matrix.
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Table 1

Effect of Residual Stress on Fracture Energy

Residual Stress in Matrix
Stress-Displacement Rupture

Law Condition Tension Compression

Linear Stress Decrease Decrease
Displacement Decrease Increase

Surface Stress Increase Decrease
Frictional Roughness Displacement Decrease Increase
(Fracture at
Crack Plane) Coulomb Stress Decrease

Friction Displacement Decrease

Frictional Surface Negligible Negligible
(Pullout of Roughness
Entire
Reinforcement) Coulomb

Friction Increase

Ductile Bonded Displacement Decrease Increase
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La modelisation par la mecanique de la rupture a recemment fourni un eclairage approfondi du
role des interfaces dans l'augmentation de la resistance a la fracture des ceramiques et des
composites ceramiques par le renforcement apporte par des ponts etablissant des liens dans le
defaut. Quelques resultats de la modelisation sont resumes et une methode d'indentation est
decrite pour mesurer les proprietes mecaniques des interfaces (energie de decollement,
resistance de frottement au glissement et contraintes residuelles) des fibres individuelles des
composites en presence de liaisons faibles aux interfaces entre les fibres et la matrice.

ABSTRACT

Fracture mechanics modelling has recently provided insight into the role of interfaces in tough-
ening of ceramics and ceramic composites by reinforcements that form crack bridging liga-
ments. Some results of the modelling are summarized and an indentation method is described
for measuring interfacial mechanical properties (debond energy, frictional sliding resistance,
and residual stresses) at individual fibers in composites with weak interfacial bonding between
the fibers and matrix.

1.0 INTRODUCTION

Brittle materials can be substantially toughened by reinforcements that form ligaments between
crack surfaces. This toughening mechanism has been demonstrated in large-grained single phase
ceramics such as A120 3 1,2 as well as in fiber,3 -5 whisker 6 and metal 7 reinforced ceramic com-
posites. In all of these examples the properties of the interface between the reinforcement and
the matrix play a critical role in determining the extent of toughening.

The purpose of this paper is to examine some of the properties of the interface that need to be
characterized in order to design optimum mechanical properties of the composite. First some
recent developments in fracture mechanics analysis will be summarized. These demonstrate a
means of obtaining the relation between macroscopic properties (e.g., strength, fracture tough-
ness) and the micromechanical behavior of the crack-bridging ligaments, as influenced by inter-
facial properties and residual stresses. Some results are presented for a specific composite that
has bridging ligaments dominated by frictional sliding. Then an indentation method which
allows some of the important properties such as interfacial debonding, frictional forces and
residual stresses to be measured directly at individual fibers is described.

2. TOUGHENING BY BRIDGING

2.1 Fracture Mechanics Analysis

Two approaches have been developed recently to analyze the influence of bridging ligaments on
the toughening of ceramics. Both model the bridging ligaments as closure tractions acting on
the crack surfaces within the bridging zone (Fig. D. In one approach8 '9 the modified crack tip
stresses are calculated directly using a standard Green's function, analogous to the
Dugdale/Barenblatt models of fracture.1 0' 1 I However, these models assume uniform closure
tractions within the bridging zone and a failure criterion defined by allowing the stress
singularities due to the applied loading and the bridging forces to cancel. More generally, the
closure tractions must exhibit a dependence upon the crack opening displacements,
characteristic of the particular reinforcing mechanism. Moreover, the usual stress singularity
exists in the matrix near the tip of the crack, with stress intensity factor equal to the toughness
of the unreinforced matrix. Evaluation of the influence of the bridging forces in this case
requires solution for the crack opening displacement as a function of position within the

" bridging zone. With the exception of a few special cases, this requires numerical solution of an
integral equation.

An alternative, equivalent approach involves use of the J-integral. 1 2 -14 Based on this formula-
tion, the increase in fracture energy is given by

U*

J =2 " (u) du (I)
0
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Fig. I (a) Closure tractions exerted by crack bridging ligaments, (b) stress-displacement

relation for stretching of bridging ligaments.

where a(u) is the stress-displacement relation for stretching the bridging ligaments, u is the
crack opening displacement and u* the crack opening at the end of the bridging zone. For gen-
eral initial crack configurations it is necessary to solve for u as a function of position in the
crack, as in the stress intensity approach, in order to evaluate u*. However, for the special
case of steady-state toughening, defined by u* = ud, where ud is the crack opening above which
the ligaments cease to restrain the crack surfaces, the toughening is given simply by the area
beneath the a(u) curve and solution for the crack opening displacements is not necessary.

In both of these analyses the properties of the reinforcement and the interface between the
reinforcement and the matrix influence the macroscopic fracture properties through the stress-
displacement function for ligament stretching. Some stress-displacement functions for brittle
and ductile reinforcements are illustrated in Fig. 2. For brittle reinforcements with interfaces
bonded sufficiently strongly to prevent debonding when a crack passes, the area beneath the a(u)
curve is relatively small. Weak interfaces that allow some debonding result in more compliant
ligaments with the possibility of ligament failure within the region of ligament embedded in the
matrix, frictional pullout, and large steady-state toughening. Reinforcements held in place by
mechanical forces without chemical bonding allow the largest toughening. On the other hand,
ductile reinforcements appear to exhibit maximum toughening when the interface between the
reinforcement and matrix is strongly bonded. 7 If debonding occurs the bridging stress is limited
to the uniaxial flow stress of the ligament material, whereas in a fully-bonded ductile particle,
elastic constraint due to the matrix can lead to bridging stresses exceeding the uniaxial flow
stress by nearly an order of magnitude.7

Residual microstructural stresses, which are often unavoidable in composites, influence the
macroscopic toughening by modifying the a(u) function for the bridging ligaments.1 3 For
several important bridging mechanisms this involves simply translation of the o(u) function along
the stress axis. However, the resultant effect on the steady-state toughening is very sensitive
(in both sign and magnitude) to both the functional form of the a(u) relation and the rupture
criterion for the ligaments. Calculated trends for several types of bridging mechanisms are
summarized in Table 1.) 3

2.2 Urbonded Reinforcements

The use of fracture mechanics to relate macroscopic composite properties to reinforcement
interface properties can be illustrated by examining the behavior of composites containing
unbonded reinforcements that are held in place by mechanical forces. This system has been
analyzed in detail using both of the above approaches. 8' 9 Examples of such composites include
glass and glass-ceramic matrices reinforced by graphite and SiC fibers. 3 ' 4 The macroscopic
fracture behavior of these composites can vary dramatically, depending on the magnitude of the
sliding resistance at the interface. For sufficiently high frictional stress failure occurs by
growth of a single crack. Then a steady-state fracture toughness, Kc, can be defined: 9

Kc/K 0  (E/EM) (1 + 0)I/2 (2)
with
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Fig. 2 Schematic stress-displacement relations for stretching of brittle and ductile
reinforcements.
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where r is the frictional stress that resists sliding at the interface, R is the fiber radius, S is the
strength of the fiber, K0 is the toughness of the unreinforced matrix, f is the volume fraction of
fibers, Ef, Em, and E are the Young's moduli of the fibers, matrix and composite, and v is
Poisson's ratio of the composite. Therefore, it is evident that decreasing the frictional stress
increases the steady-state toughness. However, if t decreases below a critical value defined by
a - 1, a change in fracture mechanism can occur. A crack that is initially bridged by fibers can
extend entirely through the matrix without any of the bridging fibers fracturing. The composite
does not fail catastrophically, but instead can support further load increase (nonlinear) before
failure. The stress for matrix cracking is then an intrinsic property of the composite (i.e.,
independent of flaw size) given byP'8 '9 '' 15

00 [6(1 - 2) f 2EfEK0
2 11/

R0  E M r3 (1 - f) I"
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Table I
Effect of Residual Stress on Fracture Energy

Stress-Displacement Rupture Residual Stress in Matrix

Law Condition Tension Compression

Linear IStress Decrease Decrease

Displacement Decrease Increase

Surface iStress Increase Decrease
Frictional Roughness IDisplacement Decrease Increase
(Fracture at

Crack Plane) Coulomb Stress Decrease
Friction IDisplacement Decrease

Frictional Surface Negligible Negligible
(Pullout of Roughness
Entire
Reinforcement) Coulomb

Friction Increase

Ductile Bonded Displacement Decrease Increase

In this region of behavior, decreasing r causes o0 to decrease. Therefore, optimum values of or
or AK are achieved at an intermediate value of i corresponding to the transition in failure
mechanism (a - 1).

3. MEASUREMENT OF INTERFACIAL MECHANICAL PROPERTIES

An indentation technique has been developed recently to allow measurement of frictional sliding
resistance and debond fracture energy at individual fibers in weakly bonded composites., 6 17

Analysis is also presented below to enable the method to be used to measure the magnitude of
residual stress in the fibers.

The method entails loading a sharp indenter (e.g., Vickers hardness pyramid) onto the end of a
fiber in a polished cross section of the composite and measuring the applied force and displace-
ment continuously (Fig. 3). If this loading causes debonding at the fiber-matrix interface with
frictional sliding over the debonded area, the displacement of the fiber relative to the matrix
surface is

u = F2 /4i 2 R3 r Ef - 2r/t (5)

where F is the force applied to the fiber and r is the debond fracture energy (Mode I1). The dis-
placement measured in these experiments is the sum of the sliding distance given by Eq. (5) and
the penetration of the indenter (elastic and plastic) into the fiber (Fig. 3a). The penetration
must be either calculated or (preferably) calibrated in separate experiments where fiber sliding
does not occur. The calibration has been obtained in a SiC/glass-ceramic composite by heat
treating the composite in air at 1000*C to form a strongly bonded oxide layer at the fiber-
matrix interface which does not debond during indentation.1 7 Measurements in the as-fabrica-
ted composite indicated that sliding occurred between the fiber and matrix (Fig. 3b). The
measured sliding distances for this composite are compared with the predictions of Eq. (5) in
Fig. 4a. The data follow a linear relation when plotted as F2 versus u as predicted, with
intercept 2r/ = 0 t 0.01 urn. Measured values of peak force and displacements, Fm = 0.11 N
and u = 0.80 im with R = 8.0 urm and Ef = 200 GPa, gave t = 3.5 MPa and an upper bound for the
deboTc fracture energy (defined by the experimental errors) of 0.04 • J m2. Therefore, the
debond fracture energy in this composite is very small (smaller than that expected for Van der
Waals force) and the mechanical response of the crack bridging ligaments is dominated by
mechanical sliding resistance.
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Fig. 3 (a) Indentation method for measuring frictional sliding resistance, and (b scanning
electron micrograph showing SiC fibers in glass-ceramic matrix after indentation
with a diamond pyramid (triangular based). From Ref. 17.
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Force-displacement measurements for unloading and reloading are also shown in Fig. 4a.
Analysis of fiber sliding, assuming constant frictional stress, r, and no bonding, predicts the
displacements 1 6

U/u 1 - (1 - 2 (6)

and

U/Urn 1 + (F/FM)2 2 (7)

for unloading and reloading. The measured fiber displacement after unloading is smaller than
predicted, suggesting that the sliding resistance during reverse slip was lower than during the
initial slip by about 20%. 7

The sliding distances in these experiments are modified if residual stresses exist in the com-
posite. Compressive residual stress in the fiber causes the plot of F2 versus u to be changed as
shown in Fig. 4b: the initial loading curve is nonlinear, with decreasing slope with increasing F,
the residual displacement, uo, after unloading is smaller than the value u = u /2 obtained in
the absence of residual stress, and the reloading curve is linear. The residual Ysplacement uo
for an unloaded system with constant i during forward and reverse sliding is

Uo/Urm = 1 - 1/2 11 - z(1 - r12)] (8)

where

2r R R/F (9)

The magnitude of the residual stress may be calculated from measurement of uo . Caution is
required, however, for values of u. less than 0.5 can also be caused by the need to debond the
interface before sliding can occur, or by a decrease in r during reverse sliding as observed in
Fig. 4a. The three potential causes for residual displacements to be less than un/ 2 can be
distinguished by their different influences on the initial loading curve.

For tensile residual stress in the fiber, the force-displacement curve is modified as in Fig. 4c:
the initial loading curve has curvature opposite to that caused by compressive stress, the
residual displacement after unloading is .a12eF than uni/ 2 , and the reloading curve is again
linear. The residual displacement, uo , is given b

Uo/U m = 1 - 1/2(1 + )(10)

and the magnitude of the residual stress may be calculated from measurement of uo .

4. CONCLUSIONS

The amount of toughening achieved in ceramics with reinforcements that form crack-bridging
ligaments is very strongly dependent on the nature of the interface between the reinforcement
and matrix and its influence on the stress-displacement relation for ligament stretching. Impor-
tant properties are debonding resistance, frictional sliding resistance and residual stresses. For
brittle reinforcements enhanced toughening is obtained with weak, or no interfacial bonding,
low frictional stresses, and tensile or compressive residual stresses in the matrix depending on
the specific stress-displacement law for the bridging ligaments. For ductile ligaments large
toughening is achieved with strong interfacial bonding and compressive residual stress in the
matrix. Because of the sensitivity of both the magnitude and sign of toughening to the specific
stress-displacement law, it is critical to develop methods for measuring interfacial mechanical
properties. For weakly bonded brittle reinforcements, the indentation method provides quanti-
tative measurements of debond energy, frictional sliding stress and residual stress at individiual
fibers.
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NDE OF FIBER AND WHISKER-REINFORCED CERAMICS

D.B. Marshall
Rockwell International Science Center
Thousand Oaks, CA 91360

I. INTRODUCTION

The use of nondestructive evaluation (NDE) to predict strength or

reliability of materials requires two steps. One is to identify and mea-

sure the dimensions of strength-controlling defects, and the other is to
relate the defect size to the strength. The purpose of this paper is to
examine such relations between defects and strength for ceramic fiber

composites, and to identify some of the important flaws for which nonde-
structive detection methods will be needed.

Because of their low intrinsic fracture toughness, the strengths of
ceramics are generally very sensitive to defects. For uniform fine-

grained materials such as Si3N4, well-defined relations have been estab-

lished between the strength and sizes of various types of defects, such
as cracks, voids and inclusions. Since strength generally decreases with
increasing defect size, NDE requires a search for the largest defect.
The surface crack is the most severe type of flaw for a given size and
has accordingly received most attention [1-5]. However, wll-defined
relations between strength and preexisting flaw size do not always
exist. For example, in materials that exhibit crack resistance curve
behavior, the crack that causes failure changes in size as load is

applied to the body, and may even nucleate during loading [6,7]. Then,
strength is dictated by the microstructural characteristics that deter-
mine the shape of the resistance curve, rather than by preexisting flaws.
In ceramic composites, a further complication arises from the possibility
of several failure mechanisms, depending on the microstructure of the
composite and the applied stress state [8,9]. Nevertheless, by combining

direct observations of failure mechanisms and micromechanical fracture
analysis, relations between defects and strength can be obtained [10-16].

In the following sections, such relations will be examined, with specific
reference to composites composed of glass and glass ceramics reinforced
by continuous SiC fibers 1171. However, many of the mechanisms are ex-

pected to be common to other brittle matrix composites.

2. UNIAXIALLY REINFORCED COMPOSITES

Tensile strength and toughness of materials that are inherently

brittle can be dramatically improved by fiber and whisker reinforcement
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[17]. This generally requires weak interfaces between the fibers and
matrix to allow debonding and sliding near the tips of cracks. However,

this requirement also leads to anisotropy in uniaxially reinforced com-

posites, with improved tensile properties parallel to the fibers, but

severely degraded transverse and shear properties.

L 2.1 Tensile Loading

Two basically different failure mechanisms have been identified in
uniaxially reinforced composites that are loaded in tension parallel to

the fibers [8). The corresponding load-deflection curves are illustrated

in Fig. 1. If the fibers are not sufficiently "strong" (a concept that

will be defined later), then failure is catastrophic. On the other hand,

for high-strength fibers, the failure may be noncatastrophic, with a non-
linear loading response and gradual decrease in load-carrying capacity
beyond the peak. The noncatastrophic decrease in load gives the material
the appearance of being very tough. Load deflection curves of this form
have been reported in glasses and glass ceramics reinforced by carbon and
SiC fibers (17-20].

SC30-36

FAILURE

O FIBERS

o MATRIX

w CRACKING

I-I

I~ "WEAK"
FIBERS

DISPLACEMENT

Fig. 1 Load-deflection responses for ceramic composites.

High-Strength Fibers. The noncatastrophic failure mode is charac-
terized by the formation of periodic cracks that extend completely
through the matrix without causing fiber breakage [8,11]. The formation

of the first of these cracks coincides with the onset of the nonlinear
load-deflection, and the multiple cracking occurs during further load

increase. Fracture mechanics modeling has predicted that the first

matrix crack forms at a stress that is independent of the size of any

preexisting cracks, provided that there are preexisting cracks larger
than a certain size [121. For composites in which the fibers are held in

place by frictional forces (e.g., the glass and glass ceramic composites

mentioned above), this stress for matrix cracking, ao, is [I0-13J

6(1_ 2) K2  g f 2  2
0o c 1/3()

do-a R  30001 R (1-f) E3

im
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where OR is the axial residual stress in the matrix due to thermal con-
traction mismatch between the fibers and matrix, Ko is the fracture
toughness of the unreinforced matrix, v is the interface frictional
stress, R is the fiber radius, f is the fiber volume fraction, v is
Poisson's ratio for the composite, and Ef, Em Ec are the elastic moduli
of the fibers, matrix and composite.

The insensitivity of o0 to preexisting flaws has been confirmed ex-
perimentally in the SiC/glass ceramic composite by using a diamond in-

denter to introduce matrix cracks (larger than observable preexisting
cracks) in a test specimen, and then observing the development of crack-
ing during subsequent loading 18]. The first cracks to grow completely
through the matrix in these tests invariably originated from locations

other than the purposely induced damage. Because a is independent of
flaw size, there is nothing to be gained from searching for preexisting
matrix flaws. However, NDE methods to measure nonuniformity of micro-
structural parameters such as f and i would be useful in predicting
premature matrix cracking.

The peak strength in tensile loading is dictated by fiber failure.
%After periodic matrix cracks form, the specimen can be viewed as a bundle

of fibers that are connected by blocks of matrix. Failure of the bundle
involves statistical fiber fracture, with stresses in the fibers being

influenced by frictional forces due to the blocks of matrix. The bundle
strength is dictated primarily by the average fiber strength, but is also

influenced by the fiber/matrix properties and the shape parameter of the
fiber strength distribution. It is noted that a statistical distribution

of fiber strengths is required for the gradual decrease of load-carrying
capacity beyond the peak load.

Low Strength Fibers. If the fiber strength is lower than a critical
value, fiber failure accompanies the growth of a matrix crack. In this
case, failure of the composite is catastrophic when the matrix crack
extends through the specimen, and the composite appears "brittle". How-

ever, substantial toughening can still arise from the reinforcing fibers
if the failure occurs behind the crack tip so that a zone of bridging

fibers exists. The toughening effect is dependent upon the fiber
strength, the interfacial properties and other microstructural param-

eters. The strength of the composite in this case is dependent upon pre-
existing cracks as well as the fracture toughness. Moreover, the pre-
existing cracks are characterized by both the total crack length and the
size of the bridging zone.

Solutions have been obtained for a fracture mechanics model in which
fibers are held in place by weak frictional forces and in which the fiber

strengths are single-valued [13,16). Weak frictional bonding is known to
exist in the SiC and carbon fiber-reinforced glasses and glass ceramics,

but in other systems the analysis may require further development. The
single-valued fiber strength is a simplification that restricts the fail-

ure of bridging fibers to the region between the crack surfaces. A more
realistic distribution of fiber strengths would allow fiber failure with-

in the region embedded in the matrix, with continued crack-bridging
effect as the fibers pull out of the matrix. In composites with random

orientation of reinforcing fibers (or whiskers), strength distribution
effects become less important, because bending stresses that develop in
bridging fibers cause failure to occur in the region between the crack
surfaces. The results of the analysis indicate that, in general, failure

-f the composite can involve several sequences of fiber failure or matrix

cracking with increasing applied stress prior to catastrophic failure,

depending on the initial crack configuration. However, the most impor-
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tant ranges of behavior are represented by two initial configurations,
the crack without an initial bridging zone (i.e., a notch cut by a saw)

and the crack with a bridging zone extending over its entire length.

The applied stresses required to cause fiber failure or crack growth
in the matrix for a fully bridged crack are shown in Fig. 2. The results
are plotted in normalized form where an = 1.25oo and

K R(1-f)E c
c n (9n/4) 1- 2 2 (2)n 12"x( -v2)f2Ef

FULLY-BRIDGED CRACK
2.0 1

I -STRESS FOR
MATRIX CRACKING, k

i,\ 

\
STRESS FORIR \\ FIBER FAILURE .2s

rd~ ' \ -- SfIon = 1.1

S10 -- - ----- 0.9---

S \ ----- - 0.7--

" l -- -- 0.5-

------------ 0.3--

0 I I
0 

5

NORMALIZED CRACK LENGTH ctc n

Fig. 2 Variation of stresses for matrix cracking and fiber failure
with crack size for fully bridged crack.

For large cracks, both stresses approach steady-state values, 0.8 for
matrix cracking and Sf/an (where S is the absolute fiber strength) for
fiber failure. The first event to occur upon loading depends on the
initial crack length and fiber strength. If the crack is large and the
fiber strength is Sf/an > 0.8, then matrix cracking occurs first and fur-
ther increase in applied stress is needed to cause fiber failure. This
is the noncatastrophic mode of failure. But, if the fiber strength is
< 0.8, catastrophic failure of the composite occurs when the applied
stress equals the smaller of the matrix cracking or fiber failure
stresses.

Failure from a crack that initially has no bridging fibers always
begins with growth of the crack in the matrix. The stress required to

cause continued crack growth is plotted as a function of the crack exten-
sion for various values of initial crack length, Co, in Fig. 3. The

matrix cracking stress in this case is an increasing function of crack
extension, Indicating that the growth is stable. This stable growth con-
tinues until a critical bridging zone develops (i.e., where fiber failure
occurs), whereupon the composite fails catastrophically. The critical

conditilon is indicated in Fig. 3 (broken curves) for several values of
fiber strength. The analysis indicates that the applied stress and crack
size at the critical condition are related by [16]
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a Kc/(nc)1/2 (3)

where

""E S3 f(1-f)Em /
K c2 SR 12

, m 4-cK 2(1-v ) f

In this case, NDE to detect preexisting cracks would clearly be benefi-
cial for reliability prediction.

10
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0. 3 0 ;79 Sf ,,/0 T 1.0
0

CRACK EXTENSION. d/c,

Fig. 3 Variation of stress required to extend a partly bridged crack
(solid curves, for various initial unbridged crack sizes) with
crack extension. Broken curves represent loci of the condition
for catastrophic failure for various fiber strengths.

Transitions in Failure Mechanism. The results in Fig. 3 indicate
that the transition from catastrophic to noncatastrophic failure for Ini-
tially fully bridged cracks occurs at Sf/o n = 0.8. The parameter Sf/an
is dependent upon the microstructural properties of the composite [16]:

S3R f(1-f) E 
3

m 1/3
2f/n 2 [2 ]' (5)

Wona I12T K 02(1-v 2) EfEc2 5o2 l2- 2 ) EfE c

More generally, the transition value of Sf/a n is also dependent upon the
initial size of the bridging zone associated with the dominant crack, as

shown in Fig. 4. For composites in which the parameter Sf/on is larger
than the value indicated by the curve labeled S4, failure is always non-
catastrophic. For Sf/a n smaller than values defined by curve S3, failure
is always catastrophic. And for values in the small region between the

two curves, either failure mechanism can occur, depending on the initial
total crack length.
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Fig. 4 Condition for transition between catastrophic and non-
catastrophic failure mechanisms.

a' 2.2 Flexural Loadin3

'p

A beam loaded in flexure experiences tensile and compressive stres-
ses of equal magnitude at the surfaces, and shear on the mid plane of the

beam, between the loading lines. The ratio of the magnitudes of the max-
imum tensile and shear stresses is proportional to the ratio of the sepa-

ration of the loading lines to the specimen thickness. Consequently, the
failure mechanism is also dependent upon these dimensions.

For long thin beams, failure begins with matrix cracking, as in ten-
sile loading, but the matrix cracks arrest as they approach the mid plane

of the beam. Subsequently, failure of the beam occurs by compressive
damage [81 (fiber buckling and matrix crushing). Once matrix cracking

occurs, the composite becomes more compliant on the tensile side of the
beam than on the compressive side, so that the neutral axis shifts toward

the compressive surface, and the magnitude of the stress at the compres-
sive surface becomes larger than that at the tensile surface. Thus, even

though the strength of the composite is higher in uniaxial compressive
loading than in uniaxial tensile loading, the load redistribution in the

beam causes failure in compression [81. Relations between compressive
failure stress and microstructure are not well defined, but the fiber

buckling stress would be expected to be influenced by nonuniformity in

the fiber distribution, as well as fiber straightness and alignment.

For short thick beams, failure ocurs in shear between the inner and
outer loading points. This Involves matrix aicrocracking, which is
apparently influenced by shear stress concentrations in the matrix be-
tween bundles of fibers that are nonuniforuly distributed 1211.

3.- LAMINATED COMPOSITES

Laminated composites have tensile properties int-tmediate between
the axial and transverse properties of uniaxially rein! rced composites,
as shown in Fig. 5 for the SiC/glass-ceramic composite [9]. However,
failure processes are influenced by interaction of the laminates, espe-

cially from the interlaainar residual stresses. Three main stages of
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damage formation have been identified, at stresses 0d, oc and a [9].
Initial deviation from linearity at stress oy is associated with forma-
tion of delamination cracks at the edge of te specimen. These cracks
lie parallel to the applied stress and within the transverse layer adja-

cent to the laminate interface. The cracks are driven by edge stresses
arising from both residual interlaminar stresses and elastic anisotropy.

Detailed fracture analysis of crack initiation is not available. The
second mode of damage involves periodic matrix cracking normal to the
applied load at stress oc. in the SIC glass ceramic composite, the

cracks developed in both the axial and transverse laminates at about the

same load. The formation of the cracks can be analyzed in terms of the
results of Sect. 2, with the additional influence of interlaminar resi-

dual stresses [9]. The peak stress is determined by fiber failure, which
leads to large openings of matrix cracks and formation of large delamina-
tion cracks.

50O

oo

in

TENSION 90'

0
DEFLECTION

Fig. 5 Comparison of load-deflection curves for unidirectional and

cross-ply laminated composites of SiC/glass ceramic.

4. OPPORTUNITIES FOR NDE

The results described in Sects. 2 and 3 indicate that the mechanical
behavior of composites and the role of defects can be very sensitive to

microstructural properties and the applied stress state. Nevertheless, a
number of examples have been defined where NDE could play an important

role in assessing reliability. These involve not only detection of
flaws, but also evaluation of microstructural characteristics, such as
interfacial properties, residual stresses, and uniformity of the fiber

distribution.

The nature of the fiber/matrix interface is the key microstructural
property that is subject to processing variability. In frictionally

bonded composites, the magnitude of the stress that resists sliding at
the interface determines the matrix cracking stress and the fracture
toughness in the noncatastrophic and brittle modes of failure (Eqs. (1)
and (4)), as well as dictating which of the failure mechanisms occurs
(Eq. (5)). Therefore, nondestructive methods for measuring v (e.g.,
based on internal friction measurements) would be beneficial.
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Residual stresses arise from different thermal contractions of
fibers and matrix and, in laminated composites, from anisotropy in con-

traction of individual layers giving rise to interlaminar stresses.
These stresses have a direct influence on the stress for matrix cracking
(Eq. (1)) and on delamination in cross-plied composites [9). Moreover,
the residual stress normal to the fiber/matrix interface influences the

sliding resistance. Residual stresses could be evaluated using x-ray or
acoustic methods.

Nonuniformities in fiber distribution in a composite influence the
transition between catastrophic and noncatastrophic failure in both ten-
sion and flexure. In particular, a region of missing fibers would allow

matrix cracking at reduced applied stress (Eq. (1)). Although the crack
may arrest at an area of higher fiber concentration, the crack so formed
has a large unbridged area, which may allow brittle failure in a compo-

site that wuld otherwise (i.e., for fully bridged cracks) fall within
the region of noncatastrophic failure in Fig. 4. In flexural loading,

nonuniform fiber distributions have the additional influence of creating
stress concentrations that tend to induce shear failure. Therefore,

methods for detecting nonuniformity of fiber distribution would be useful
for quality control.

There are several areas where detection of cracks would be useful to
predict reliability. The most obvious is in tensile loading of compo-

sites that fail catastrophically. The strength in this case is very sen-
sitive to the preexisting cracks which may be partly bridged by fibers or
whiskers. For cracks with bridging zones that are sufficiently small for
the R-curve behavior depicted in Fig. 3 to apply, the strength can be re-

lated directly to the unbridged crack size. This is expected to be the
case for many whisker-reinforced composites. The size of the unbridged
area is also critical for determining the failure mechanism (Fig. 4).
However, in general, both the total crack size and the size of the bridg-
ing zone must be evaluated. This problem is related to previous studies

of acoustic scattering from cracks in Si3N4 [3,4], in which a strong

influence of bridging from asperities on the crack surface was found for

unloaded cracks.

In composites that fail noncatastrophically, neither the ultimate
strength nor the matrix cracking stress are influenced by preexisting

cracks. However, the formation of matrix cracks degrades the elastic
properties of the composite and leaves the internal fibers accessible to

environmental corrosion and fatigue damage. Therefore, detection of
matrix cracking would be important for in-service reliability or lifetime
monitoring. Similar comments apply to laminated composites in which
failure is preceded by both delamination and matrix cracking.
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STRENGTH AND INTERFACIAL PROPERTIES OF CERAMIC COMPOSITES

D.B. MARSHALL
Rockwell International Science Center, 1049 Camino Dos Rios, Thousand Oaks,
CA 91360

ABSTRACT

Results of recent micromechanics analyses of the reinforcing influence
of frictionally bonded fibers in ceramic composites are summarized. Direct
measurements of the fiber/matrix interface properties are also discussed.

INTRODUCTION

Tensile strength and toughness of materials that are inherently brit-
tle can be dramatically improved by fiber reinforcement. Generally, this
requires a relatively low-toughness interface between the fibers and matrix
to permit debonding and sliding, and thereby allow fibers to bridge the
crack surfaces. Fracture mechanics models have been developed recently to
evaluate the influence of such bridging zones on the mechanisms of crack
growth. Solutions have been obtained for composites in which there is no
bonding at the interface, but sliding is resisted by friction. Novel
methods have also been devised for measuring the mechanical properties of
interfaces directly at individual fibers in weakly bonded composites. Some
results from the fracture mechanics analysis and interface measurements are
briefly summarized below. More complete descriptions are contained in
Refs. 11-61.

FRACTURE MECHANICS MODELING

Fibers that bridge a crack cause a reduction of crack opening, and
thereby reduce the stress at the crack tip. The reduction of stress can be
evaluated by replacing the section of fiber between the crack surfaces by
closure tractions equal to the stress in the fiber and using a Green's
function (71 to calculate the stress intensity factor. The calculation
also requires evaluation of the crack opening displacements at every loca-
tion in the crack, for the stress in each fiber is related, via the me-
chanics of the frictional sliding, to the crack opening. The displacements
were obtained by numerical solution of an integral equation derived by
Sneddon 181.

In general, failure from a preexisting crack with a zone of bridging
fibers may occur by one of several sequences of events. Failure may ini-
tiate either by growth of the crack in the matrix or by failure of the
bridging fibers. Subsequently, each of these fracture processes can occur
either unstably or stably, leading to failure of the composite at constant

*- load or requiring further load increase to cause failure. The sequence
leading to failure must be evaluated in order to calculate the strength or
toughness of the composite. This entails calculation of the applied
stresses needed to cause both matrix crack growth and failure of the last
fiber in the bridging zone (i.e., the most highly stressed fiber) as a
function of both the total crack size and the length of the bridging zone.

The results of such calculations for two extreme initial crack con-
figurations are summarized in Figs. 1 and 2. In Fig. 1, the applied
stresses necessary to cause matrix cracking and fiber failure, for an ini-
tially fully bridged crack, are plotted in normalized form (see Refs. 11

71
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Fig. 1 Applied stresses required to extend a fully bridged crack in the
marx n to fracture bridging fibers (after Ref. [11).
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Fig. 2 Applied stress needed to extend an initially unbridged crack in
the matrix, plotted as a function of crack extension, d, for
various initial crack lengths, c .Broken curves represent the
condition at which catastrophic ?ailure occurs, i.e., the bridging
fibers fracture (after Ref. 111).

and 31) for various values of normalized fiber strength. For high-strength
fibers (Sf Ian > 0.8.- where S is the fiber strength, f the volume fraction
of fibers, and 0n a normalizing stress (see Eq. (1)), the stress for matrix
cracking is lower than the stress for fiber failure, so that the crack
grows in the matrix first. Moreover. the crack can extend indefinitely
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without causing fiber fracture, and an increased applied stress is needed
to cause failure of the composite. This leads to a noncatastrophic mode of
failure involving multiple matrix cracking. This mechanism has been ob-
served in glasses and glass-ceramics that are reinforced by carbon and SiC
fibers 19-121. The steady-state matrix cracking stress in Fig. 1 is the
well-known solution of Aveston, Cooper and Kelly 191:

6(1-v2)K o-f2EfEc 1/3
00 =0.8 on = I A,_f-.3 R 9 ()

where Ko is the toughness of the unreinforced matrix, T is the frictional
stress at the fiber/matrix interface, R is the fiber radius, v is the
Poisson's ratio of the composite, and Ef, Em and E are the elastic moduli
of the fibers, matrix and composite. For lower fiser strengths
(Sf/on < 0.8), fiber failure occurs before matrix cracking, and is followed
by unstable matrix crack growth. Therefore, in this case, the composite
strength is determined by the stress for fiber failure.

A crack that initially has no bridging zone always grows stably in the
matrix with increasing applied stress. This stress is plotted as a func-
tion of crack extension for various initial crack lengths, co, in Fig. 2.
Stable growth continues until the stress in the bridging fibers builds up
to the critical value needed to break the fiber, whereupon the composite
fails catastrophically. This critical condition, for various normalized
fiber strengths, is indicated by the broken lines in Fig. 2. At the cri-
tical condition, the bridging effect of the fibers is equivalent to an in-
crease in the fracture toughness given by

Kp /Kc= [I + 4(Sf/on) 3 /112 (2)

where

3 S3R f(-f)E 
3

(Sf/on30)(2 (3)

121K o  (1-v2)EfEc2)

PROPERTIES OF THE INTERFACE

It is clear from Eqs. (1) and (3) that the magnitude of the interfa-
cial frictional stress plays a key role in determining the strengthening
and toughening, as well as the failure mechanism of the composite. A
method for measuring the frictional stress at individual fibers is illus-
trated schematically in Fig. 3. The technique involves pushing the end of
a fiber with a sharp indenter and measuring the resultant displacement of
the fiber beneath the surface of the matrix. Analysis of the mechanics of
fiber sliding under this condition allows the frictional stress to be ob-
tained from measurements of the force applied to the fiber and the
displacement.

A standard Vickers hardness testing instrument can be used to obtain
force and displacement measurements at the peak load condition 141, thereby
providing an average value of the frictional stress over the area of inter-
face that undergoes sliding. However, more information can be obtained
using an instrument that allows continuous measurement of force and dis-
placement during loading (and unloading) 161. Results obtained from a SiC/
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Fig. 3 Schematic diagram of indentation experiment to measure interfacial
N sliding resistance (after Ref. 16]).

glass-ceramic composite* using a nano indenter instrument** are shown in
Fig. 4. The curves represent predictions of the force-displacement rela-
tion for purely frictional sliding with constant frictional stress during
loading, unloading, and reloading. The data follow the prediction very
closely during initial loading, indicating that the frictional stress is
uniform along the interface (each force increment causes the area of inter-
face over which fiber/matrix sliding occurs to increase). However, during
unloading and subsequent reloading, when reverse sliding occurs, the re-
sults indicate that the frictional stress decreases.

The results in Fig. 4 also indicate that sliding at the interface in
this composite does not require prior debonding. Analysis of combined
debonding and frictional sliding during the initial loading indicates that
the force-displacement relation becomes 16]

u = F2/4r2R3tE - 2r/T (4)

where r is the fracture surface energy associated with mode II debonding.
Fitting Eq. (4) to the data in Fig. 4 gives T = 2.9 MPa and r s 0.4 J/m 2.
This upper bound for the value of r, obtained by taking into account maxi-
mum measurement errors for the data in Fig. 4, is in the range of energies
associated with Van der Waals bonds.
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Fig. 4 Forces and displacements measured during indentation (loading,
unloading, reloading) of fiber as in Fig. 3. Solid curves are
theoretical predictions for sliding opposed by constant fric-
tional stress (after Ref. 161).
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